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I •
This quarter we have focused on the high pressure liquid chromatography (HPLC) system. That is, we first selected a separation scheme for our HPLC system, which we had previously timed with automatically operated column switching valves. Then we began preliminary runs of the liquefaction products through that system. The separated fractions were analyzed by field ionization mass spectroscopy (FIMS), RP.low, we d~scrlbe the results nf theoc preli~lnary runs and the configuration of the current HPLC system. 2 Also this quarter, we have summarized the results presented in the last quarterly report in a manuscript for publication. These results provide ~vidence for a previously undocument~d hydrogen-transfer reaction involving species common in donor-solvent media and have withstood the test of further scrutiny.
~he objective of subtask A.3 is to select an HPLC scheme that meets two requirements. First, the HPLC system should adequately separate the 1iquefaction.products on the basis of functionality so that subsequent FIMS analysis of the separated fractions will indicate what functional groups (i.e., polar "centers") in the coal structure are preferentially "operated upon" by the more effective solvent. Second, the system should accomplish this goal with as few HPLC fractions as possible; this will enable us to survey enough coals and solvents to ultimately choose among the various solvent structural parameters that may affect coal liquefaction. To maximize the differences in effectiveness of different solvents, we will use two dramatically different solvents and a bituminous coal of high-softening temperature and very low fluidity.
That is, we will use solvents that are expected to be greatly different in conversion effectiveness and a type of coal that is known 1 to be particularly sensitive to donor-solvent effectiveness.
HPLC Separation Scheme
After considering several alternative chromatographic schemes described by various groups for coal liquid separations/analysis, we decided to begin with the separ~tlon scheme described by 14 12 l3 13 13 12 13 12 574 13 12 13 12 l3 580 13 12 13 12 13 12 12 11 588 12 11 12 12 12 594 12 11 l2 11 12 11 12 11 602 12 0 12 11 lZ GOO 11 11 12 l l 11 11 l l 10 616 11 11 11 11 11 622 11 10 11 10 11 lU 11 10 630 11 10 10 10 10 636 10 10 10 10 10 10 10 10 644 10 9 9 10 10 650 10 0 10 9 10 9 10 9 b~!l various solubility classes on alumina columns. The initial solubility separation will provide classes that can be compared with the traditionally reported, hexane, toluene, and pyridine solubles. Then the chromatographic separation will divide the classes primarily according to functional groups, which will allow us to determine the functional groups that are most important in the coal structure fragmentation.
Briefly, the method consists of loading the tetrahydrofuran (THF)- developed with a series of solvents. Table 1 shows the results of the experiments to date, including the series of solvents used, the resulting fractions, and the average molecular weights as determined by FIMS. Figure 1 shows the FIMS spectrum of fraction 3 (lower molecular weight N-heterocycles according to Reference 2) from the series shown in Table 1 . The appearance of peaks at every mass indicates (as expected) that even this degree of chromatographic separation does not result in FIMS spectra that give a complete chemical breakdown upon cursory examination. However, even a FIMS spectrum as "black" as Figure ~ can yield certain kinds of detailed information. For example, .let us examine a portion of the data in Table 2 ,. which were taken from the spectrum in Figure 1 . Tab 
FIMS of Extraction/Chromatography Fractions

Experimental Procedures
All reactions were performed in a 300-mL, Magne-Drive-stirred,
Hastelloy-C autoclave. The autoclave was loaded with 36 g of deionized water, which was brought to the desired pH by addition of KOH. Then 10 g of the desired coal (PSOC-26, PSOC-213, or PSOC-233) was added.
PSOC-26 is a beneficiated coal that has been ground and sieved under N 2
to -60 mesh and dried at 120°C overnight in a vacuum oven. PSOC-233 and PSOC-213 had been ground and sieved under N 2 and the 60-to 100-mesh fraction dried in a vacuum oven at 120°C overnight. RP.sults of the elemental analysis of these coals are shown in Table 3 .
Once the reactor is loaded with coal and water, the system is purged once with 1000 psig of N 2 , then twic~ with 1000 psig of CO, and finally the autoclave is charged with the desired pressure of CO. The coal is converted by heating the autoclave to 400°r. (± 5°C) for 20 min (± 1 min). Pressures in excess of 5000 psig are typically attained at these temperatures and are recorded for each run as discussed below.
The heat-up and cool-down times for the system are both about 1 hr.
A Carle gas analyzer is used for quantitative analysis of the product gases, which include H 2 , co 2 , N 2 , CH 4 , and CO.
The condensed products are removed from th~ autoclave a~ either an aqueous or a coal fraction. Fit"st, the water is reruuved fJ;'OIU th~ reactor wlth a pipette, and the water is filtered if suspended material is present. The pH of the water is measured.
Solid material is removed from the autoclave with a spatula and is transferreu to a tlask. The re~ctor walls are rinsed with toluene to collect any remaining oil or tar; this solution is combined with the solid material. Refluxing the C'nal fraction in a Dean-Stark trap for. 2 hr removes any remaining water through a~eotropic distillation. A medium-porosity glass filter is then used to separate the products into toluene-soluble (TS) and toluene-insoluble (TI) fractions.
The TI fraction is dried overnight in a vacuum oven at 120°C. A rotary evaporator strips the solvent from the TS product. After the 
Results and Discussion
We performed experiments with a Kentucky No. 9 coal, PSOC-213, at different initial pH values in the CO/H 2 0 system at 400°C for 20 min.
The data, summarized in Table 4 , show that the toluene-soluble product increases with increasing pH. At initial CO pressures ranging from 475
to 525 psig and initial pH ~alues of 9.0 to 11.7, the con~ersion to tolueue-~uluble products ranged from 16.1 to 16.7%. However, at initial pH values of 12.6 to 13.6, the cOnversion increased from 2i.7 to 24.5%. On the top half of Figure 2 , the composite. H/C values of the TS and TI fractions are plotted against pH. We find that the H/C ratio increases with increasing pH for all three coals. Therefore, there is a net increase in hydrogen incorporation in the products with increasing conversion.
During the next research period we plan to. conduct similar conversions using o 2 o in place of·H 2 o. We expect the positions of the deuterium in the product .mRt~~ials will provide significant insight into the conversion process. The model compound work described next in Subtask B.2 has been performed as a preclude to the D 2 o-conversion effort. below deals with the operative kinetics and mechanism in the absence of CO. Our work with CO will be reported later.
BACKGROUND
The work of Pot1tsma3 demonstJ;ated that the conversion uf neat bibenzyl in the liquid phase is a reasonably complicated process, with the initially formed benzyl radical abstracting hydrogen from bibenzyl to give the corresponding radical. components fully in the vapor state. n 2 o here was above its critical temperat"ure, and the quantities of bibenzyl in each run were below those required for ~he pr~~~nce of any liquid phas~. 4 Thus, the concentration of n 2 o at 400°C was 8.3 M and bibenzyl 2.5 x 10-3 M.
The reactor tubes were heated by plunging them into a molten salt bath at 400°C for the desired time, and then they were quenched in water. HP.at-up time from room temperature to within 10°C of the reacti.on temperature· was 30 sec and the cool-down time was 15 sec.
After the reaction, the tubes were frozen in dry ice before they were opened.. The contents were collected with a pipette, using ethyl ether.
·All conversions ·were determined quantitatively by GC. Levels of deuterium exchange were determined by gas chromatography/mass spectrometry (GC/MS).
RESULTS
The experimental work included the initial performance of control runs with toluene and benzene in o 2 o. The exchange data are presented in Benzene and toluene were recovered quantitatively. The bibenzyl was recovered after partial conversion. as noted in Table 2 .
Benzene in these 1200-min runs is recovered virtually unlabeled·. This result demonstr,ates the absence of catalytic action by the reactor surfaces, which might be expected to promote exchange under these rather severe conditions. This favorable finding extends to the toluene case,
where less than 10% of the recovered material is exchanged. While we have no evidence on the position of the deuterium substitution, it seems that the benzylic position is the most likely spot for substitution.
Because bibenzyl is similar structurally to toluene, we expect little exchange in that case as well. The substantial exchange for bibenzyl, therefore, is of particular interest. The product distributions and label data for two bibenzyl ~uns are presented in Tables 2 and 3 respectively. Because we were interested in establishing whether silica provided any catalytic effect, we performed one run (run 95, Table 2 ) with ground silica present. There was no apparent effect, and the two bibenzyl runs are considered as duplicates. For comparison, we performed a run with tetralin under the same conditions (run 96, Table 2 ). The exchange results for bibenzyl from Table 1 are repeated in Table 3 .
In addition to the labeled bibenzyl, both the benzene and toluene recovered in the o 2 o runs contain substantial quantities of deuterium, in clear contrast to the control runs, with benzene and toluene shown in Table 1 . The major products are toluene and stilbene, the major products from the thermolysis of neat bibenzyl.3,4
DISCUSSION
It is clear that the chemistry taking place is similar to that reported for bibenzyl itself.3,4 Reactions (1) through (4) are thus i.mportant in this system. However, the level of deuterium incorporation in the recovered bibenzyl suggests that there is a significant and rapid i.nteraction with the medium. The fact that multiple exchange occurs is consistent with a rapid exchange with o 2 o, followed by the chemistry .
thai yields the stilbene. The two constants agree to within a factor of three. The chemistry resulting in the exchange must therefore be rapid relative to stilbene formation, reaction (3). The reactions under consideration here and a measure of their importance under competitive conditions are listed in Table 4 . (The characteristic time, •, is the reciprical of the firstorder, or psuedo-first-order rate constants governing the respective reactions).
From Table 4 , the reaction sequence begins with the initial, slow homolysis of the starting bibenzyl, yielding benzyl radicals. Then BB and D2o compete in reaction with benzyl, with \:be o 2 o rP~,·tion favored by at lcaot a fal:.luL uf ten. The OD formed rapidly reacts with bibenzyl, yielding the h:tbenzyl radical.
In the thermolysis of neat bibenzyl, the formation of BB• was followed by the very rapid disproportionation, reaction (3). That chemistry does occur here, but it is preceded by the even more rapid reaction with 020 (5) This reaction is about 32 kcal/mole endothermic, but at 400°C the reaction rate is sufficient to make it a highly significant ceaction in the RyRtem. However, note Lhat the competition among the rates of all the reactions in the sequence are dependent on the relative concentrations of the starting n 2 o and bibenzyl. In our current work, the ss 0 tn 2 o ratio is about 3 x 10-4; with gr&ater relative quaullties of bibenzyl, the degree of deuterium incorporation would be decreased.
We have shown that in one sense water can act in this system as tetralin does, in that it readily transfers hydrogen to organic free radicals. Indeed, the benzyl radicals considered here are relatively unreactive, and yet the degree of reaction with water is substantial. aThe characteristic time for a reaction is that time required for the starting concentration of the reactant to be reduced to 1/e of its initial value. This period corresponds to about a 67% reaction. For the second-order reactions, 't was calculated on the basis of ps!~do-first-order rate constants for 8.3 M n 2 o or 2.5 x 10 M bibenzyl.
The second-order rate constants of Miller and Stein 4 were used for all reactions except those involving n 2 o or OD.
For abstractions of benzy,ic hydrogen by OD, we used the data of Hendry and Kenley for OH + toluene. The rate constant for the reaction of n 2 o with benzyl and bibenzyl radicals was US1.1med to be _£P,at _for H 2 o, which i~ ~urn, was estimated to be log k(M 1 s 1 ) = 9.8 -(33/9) trom the thermochemistry and kinetics of the toluene/OR reaction. 27 However, in contrast to tetralin, the water does not reduce the organic substrate, because the reactive OH (OD) intermediate rapidly creates
another radical.
The presence of CO in the system can bring about reduction of organic species through the generation of hydrogen atoms via the known reaction between CO and OH8 CO+ •OH--- (6) This reaction is very rapid at 400°C (k = 2 x 108 M-1 s-1) and could play a role in the CO/water coa~ conversions we have performed. This chemistry will be diocussed in a future manuscript. 
